The purpose of this investigation was to learn what part of the carotid sinus baroreceptor response is attributable to the gross mechanical properties of the wall and what part to the receptor elements. Static pressure forcings were applied to an isolated dog carotid sinus preparation while baroreceptor nerve activity was recorded; carotid sinus deformation was measured from still photographs taken during the experiment. Pressure-nerve activity data were obtained from four dogs and pressure-deformation data from another five dogs. The average electrical power in the nerve signal was used as the measure of nerve activity, and strain-energy density, a scalar quantity, was selected as the best indicator of the mechanical state of the sinus wall. Strain-energy density was calculated by measuring the circumferential and the longitudinal strains and by estimating the corresponding stresses in accordance with a thin-walled, axially symmetric model. The pressure-nerve activity data followed an S-shaped pattern, but the pressure-strain-energy density data were linear over the pressure range of 50 to 250 mm Hg. A curve of strain-energy density vs. nerve activity constructed from these two graphs, with pressure as the parametric variable, showed a linear relationship between nerve activity and strain-energy density over the pressure range of 75 to 175 mm Hg, but the slope of the curve rapidly went to zero with increasing pressure. We concluded that the nonlinearity in the pressure-nerve activity relationship was primarily due to the inability of the receptor elements to respond to increasing wall strains.
of the observed nonlinear, sigmoidal pressurenerve activity relationship. The saturation in the response may arise (1) exclusively in the wall elements, (2) exclusively in the receptor elements, or (3) in both elements. We found that the second alternative held, namely, that the saturation in response was almost entirely due to the dynamic properties of the receptor elements. We also found that the baroreceptor nerve activity varied linearly with deformation between pressures of 75 and 175 mm Hg, with the slope going rapidly to zero above a pressure of 200 mm Hg. In contrast, wall deformation varied linearly with pressure between 75 and 200 mm Hg. The results from our multifiber preparations substantiated the earlier findings of Landgren (2) , which defined in cats the relationship between impulse frequency in single baroreceptor fibers and changes in carotid sinus diameter.
Methods

SURGICAL PREPARATION
Mongrel dogs of either sex, weighing 10-20 kg, were anesthetized with sodium pentobarbital (30 mg/kg, iv) supplemented as required by injection through a catheter placed in the right femoral vein. The trachea was intubated to facilitate breathing. Either the right or the left carotid sinus area was exposed by cautery (Bantam Bovie electrosurgical unit) and careful blunt dissection. Under a Zeiss operating microscope, the baroreceptor branch of the carotid sinus nerve was located, and it was identified by audibly monitoring the phasic relationship of the spike frequency to the pressure pulse. After the electrode was placed, the nerve was not subjected to any additional handling, and the nerve sheath was left intact. In this manner, we preserved, as much as possible, the physiological integrity of the gross baroreceptor nerve (1, 3) .
Following identification, the nerve was left undisturbed while the carotid sinus was functionally isolated from the circulation. The occipital artery, the ascending pharyngeal artery, and all collateral arteries except the common carotid, the lingual, the internal carotid, and the external carotid were ligated and cut. This procedure allowed the sinus to be perfused only by the common carotid artery and to be drained by the internal and external carotids and the lingual arteries. The intrasinus pressure was measured through a polyethylene catheter (PE90) with a Statham P23Dd pressure transducer and displayed on a Tektronix 502A oscilloscope. The circulatory isolation of the carotid sinus was then tested. The common, the internal, and the external carotid arteries were clamped, and the sinus was flushed through the lingual catheter with heparinized Ringer's solution. A zeropressure recording by the lingual transducer confirmed the complete circulatory isolation of the carotid sinus.
DATA. ACQUISITION
The intrasinus pressure, the carotid sinus wall deformation, and the baroreceptor nerve activity were measured while the isolated sinus was forced with ten equally spaced steps in pressure between 25 and 250 mm Hg. The pressure forcings were carried out sequentially starting at an intrasinus pressure of 25 mm Hg, proceeding in 25-mm Hg increments to a pressure of 250 mm Hg, and returning in 25-mm Hg decrements to 25 mm Hg. There were a total of 37 pressure forcings for each experiment: four replicates at each pressure level between 50 and 225 mm Hg, three replicates at 25 mm Hg, and two at 250 mm Hg. Complete pressure-nerve activity data were obtained from a total of four dogs, and pressuredeformation data were obtained from a total of five dogs. Because positioning of the camera assembly above the carotid sinus interfered with the satisfactory placement of the nerve electrodes, it was not possible to obtain pressure, deformation, and nerve activity data simultaneously in these studies.
Intrasinus Pressure.-The isolated sinus was forced with a modification of a previously described technique (4) . The external carotid artery was catheterized with polyethylene tubing (PE320) and connected through a threeway stopcock to a pair of pressure bottles. One bottle was used for step increases in pressure, and the other was used for step decreases in pressure within the sinus. This modification allowed us to increase or decrease intrasinus pressure with minimum time delay. During forcing, the common carotid and the internal carotid arteries were clamped, and the desired pressure forcings were applied to the carotid sinus. The resulting intrasinus pressure was recorded via the lingual transducer on a Sanborn model 3907A FM analog tape recorder at a speed of 15 inches/sec.
Gross Baroreceptor Nerve Action Potentials.-Electrical activity in the carotid sinus baroreceptor nerve was measured by placing the intact nerve across a pair of platinum electrodes spaced 2 mm apart. The nerve signal was amplified successively by an Argonaut LRA 042 differential amplifier with a passband of 100-1,600 Hz and a Tektronix FM 122 differential amplifier with a passband of 80-10,000 Hz. The second amplifier
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provided a suitable input voltage for recording the nerve action potentials on the analog tape recorder at a speed of 15 inches/sec.
Carotid Sinus Watt Deformation.-After trying several techniques with varied success, we decided to photogTaph the carotid sinus and use the dimensional changes as an index of wall "deformation." The isolated carotid sinus was prepared for in situ photography as follows. First, the common carotid artery was clamped, and, using Gentian violet stain, numerous very fine dots were placed on the carotid sinus and on the adjacent internal and external carotid arteries. These dots were dried immediately by a gentle flow of air supplied through Tygon tubing attached to a laboratory outlet. Next, a metallic ruler with 0.5-mm divisions was placed adjacent to the carotid sinus for calibration and to facilitate subsequent measurements. The entire area was then photographed using a Leicaflex SL 35-mm camera equipped with a 1:2/50 Summicron-R close-up lens and two 1-inch extension rings. Kodak Plus-X panchromatic black-and-white film was used. The camera was mounted via a specially constructed adapter on a Zeiss operating microscope. The light source was the 6-v, 30-w built-in incandescent lamp of the microscope and a 100-v, 60-Hz fiber-optic illuminator. These two light sources were positioned to minimize glare and reflections from the moist surface of the sinus and to give good definition to the vessel walls. With this intense lighting it was possible to photograph the sinus with a lens opening of //16 and a shutter speed of 1/30 second. This camera setting gave a depth of field in excess of 2 mm, more than enough to bring the entire sinus into focus. To prevent blur, the sinus was always photographed at the end of expiration. The commercially developed film was then printed on 8 X 10 sheets of Kodak polycontrast photographic paper in an Omega enlarger with a 1:4/50 lens. With this setting, a distance of 10 mm on the sinus preparation measured approximately 15 cm on the 8 X 10 enlargement, giving a net magnification of 15. The presence of the metallic ruler along the border of the photographs permitted precise scaling of every measurement.
From these photographs three indexes of carotid sinus wall deformation, namely, longitudinal strain, € h circumferential strain, e c , and strain-energy density, were calculated based on the following initial measurements. With the dots on the surface of the carotid sinus serving as landmarks, the most distensible segment of the carotid sinus area was identified by examining those photographs taken at high intrasinus pressures. Then using the dots as points of reference, on the photograph taken at an intrasinus pressure forcing of 50 mm Hg, a CtrcuUtum Rtsurcb, Vol. XXXI, Dtctmbet 1972 longitudinal axis of symmetry was estimated by drawing tangents to the sinus wall at the point of maximum deformation (Fig. 1) . The angle formed by the intersection of these tangents was bisected to determine a local axis of symmetry. The angle, 0, between this axis and the tangent was measured and used to calculate the strainenergy density. The distance between two points marked on the local axis of symmetry was taken as the longitudinal length, I. The diameter, d, of the carotid sinus was determined by drawing a line through the points of tangency perpendicular to, and bisecting, the axis of symmetry. The incremental change in both length and diameter with applied pressure forcings was measured by superimposing the template coordinate shown in Figure 1 on all other photographs taken during an experiment. For each dog, the coordinate system drawn on a photograph taken at an intrasinus pressure of 50 mm Hg served as the template for all other photographs taken for that dog. This procedure eliminated between-dog variations. The deformation measurements thus obtained provided the raw data for calculating the three wall strains described in the next section.
TRANSFORMATION OF VARIABLES
To partition the baroreceptor response between the wall and the receptor elements, the nerve signal and the deformation data had to be transformed into new variables which were more likely to be of physiological importance.
Gross Nerve Power.-Since it is generally believed that the number of impulses per second traveling along a single baroreceptor fiber is the most significant measure of nerve activity, the time-averaged power in the multifiber preparation was calculated assuming that it is a linear function of the individual fiber impulse frequencies. Although gross nerve power has been reported by Koushanpour and McGee (1, 3) and by Aars and Leraand (5) as an alternative measure of nerve activity, it is possible to show a mathematical relationship between these two quantities.
The derivation of this relationship is based on the assumption that the energy contained in each action potential is constant. This assumption can be verified theoretically by integration of the Hodgkin-Huxley equations or empirically by data of Katz (6) . It follows from these considerations that the number of impulses passing a given point on a nerve fiber is directly proportional to the electrical energy measured at that point. If A/(T) is the number of impulses passing a point in the interval (0, T) and if each action potential is assumed to contain A joules of energy, then RA (1) where t; is the potential difference measured at the point and R is the interelectrode resistance. The time-averaged frequency, /, is
This equation is valid only for a single fiber and a monopolar electrode whose reference potential is taken in the surrounding tissue. For a multifiber preparation and bipolar electrodes, as used in this study, additional assumptions are necessary.
If it is assumed that the current induced by any fiber in the nerve bundle at the surface of the sheath is independent of the state of polarization of the other fibers and that the probability of two impulses occurring simultaneously is small, then it can be shown that the average power is a linear function of the frequency of firing in each of the fibers.
Letting v k be the potential difference at the surface of the sheath induced by the J; 01 fiber and a k be an attenuation coefficient which is a function only of the location of the fiber in the bundle, then
where t; is the potential difference at the surface of the nerve due to all fibers.
Since the voltages are measured with a bipolar electrode, the potential difference v k detected as the impulse passes one pole is followed r k msec later by its mirror image -v k as it passes the second pole. The delay is determined by the conduction velocity of the particular fiber and the gap between the poles of the electrode. Therefore, the square of the instantaneous voltage is
plus cross-product terms which vanish under the assumption that no two impulses occur simultaneously. In practice, only the integral is easily determined, and the effects of the interelectrode resistance and the pulse power must be kept in mind.
The amplified nerve signal recorded on the magnetic tape was digitized at the rate of 20,000 data points/sec by the analog-to-digital conversion unit of a PDP-12A digital computer. This digitization was accomplished bv playing the tape back at 1% inches/sec and sampling at a rate of 2,500 data points/sec. The PDP-12A computer was programed to start the computer's KW12-A crystal clock counting at 10,000 counts/sec, and on every fourth count the nerve signal was sampled thereby giving a sampling rate of 2,500 data points/sec. Since the duration of a single action potential is on the order of 1 msec, this procedure provided for approximately 20 data points/impulse, which far exceeds the minimum requirements for processing a signal of this nature. Visual inspection of the digitized signal on the computer's cathode-ray tube verified the adequacy of the sampling rate, since 20,000 was the lowest rate at which it was possible to see the fine structure in the signal while also providing enough samples in one impulse to average out random errors in the analog-to-digital conversion process. Concurrently, the pressure signal was digitized at 5,000 data points/sec by sampling a second analog channel after every fifth analog-todigital conversion of the nerve signal.
During the experiment, at each pressure setting, 20 seconds of pressure and nerve activity data were recorded at 15 inches/sec, producing a 25-ft magnetic tape record. When played back at 176 inches/sec, this record corresponded to 160 seconds of data. Memory limitations set the maximum interval which could be continuouslv sampled at 256 msec, real time (5,000/20.000) In plavback time, this interval was slightly over 2 seconds. The transients in the first third of each nerve record were allowed to decay before analog-to-digital conversion was started. From the last two-thirds of each nerve record five continuous intervals were sampled at each pressure setting. This sampling resulted in five approximately equally spaced intervals of 256 msec each at every pressure level or a total of 1.280 seconds of nerve activity data. A FOCAL-12 program numerically integrated Eq. 5 for these intervals according to Simpson's rule (7) . gitudinal strain, e^ was calculated by the formula (6) where I,, is the distance between the two points at an intrasinus pressure of 50 mm Hg and I is the distance at each pressure forcing. The selection of an intrasinus pressure of 50 mm Hg as the pressure representing a state of zero strain in the carotid sinus was based on the observation that the sinus wall was extensively buckled at an intrasinus pressure of 25 mm Hg; moreover, the nerve signal indicated that the carotid sinus was min'mally strained when intrasinus pressure reached 50 mm, Hg.
Circumferential strain was calculated, assuming that the vessel was nearly circular in cross section, by the formula
Strain-Energy Density.-The work done by external forces in altering the configuration of a deformable body is equal to the sum of the kinetic energy and the strain energy. If the body is stationary, then the work done by external forces, u, reduces to
where W is the volume density of strain energy or, more commonly, the strain-energy density, and the integral is taken over the volume, V, of the artery wall. Strain-energy density, as defined by Ea. 8, is equivalent to energy per unit wall volume (dyne cm/cm 8 ). It can be shown that strain-energy density is related to the strain and the stress tensors bv the formula W =2^S (9) where cry are the elements of the stress tensor and ey are the elements of the strain tensor (8) .
For a thin-walled pressure vessel possessing an axis of symmetry, summat : on of forces gives the equations for the stress tensor as a function of pressure and geometric parameters (9) . Since all off-diagonal terms are zero, the equations be-
where r c is the radius of curvature of the transverse cross section, r, is the radius of curvature of the longitudinal cross section, h is 836 KOUSHANPOUR, KELSO the wall thickness, and 6 is the angle between the tangent to the wall and the axis of symmetry (Fig. 1) .
For the carotid sinus, r c is on the order of 5 mm, and r t was estimated to be greater than 100 mm in all of the preparations. Since r o /r l < < 1, the second term of cr c was disregarded. Substituting Eqs. 10 and 11 for CT^ and Eqs. 6 and 7 for e (J in Eq. 9, we obtain the following equation which we used to calculate the strain-energy density.
W = -I "
\2hcos0
where r c = %d.
Attempts to obtain an accurate measure of h were unsuccessful. Values of the wall thickness were estimated from the data of Rees and Jepson (10) , which showed that the ratio of r c to h is fairly constant between animals. These investigators calculated a value of 4.20 ± 0.35 for the ratio in dogs of approximately the same weight as those used for the present experiments.
Results
PRESSURE-NERVE ACTIVITY RELATIONSHIP
Using Eq. 5, the gross nerve power at ten equally spaced intrasinus pressures between 25 and 250 mm Hg-was calculated for four preparations. Examination of the plots of nerve power vs. pressure for each dog, which followed distinctly sigmoidal curves, revealed that most of the between-dog variations displaced the curves in the vertical (ordinate) direction. Thus, to facilitate comparison of responses of different dogs and to reduce between-dog variations, the nerve power data for each dog were normalized by dividing the nerve power at each pressure by the nerve power at the intrasinus pressure of 100 mm Hg.
The rationale for choosing this normalization procedure was that according to Eq. 2, which relates impulse frequency to nerve power, the between-dog variations could be accounted for by differences in the resistance of the nerve sheath in each preparation. Thus, the above normalization yielded a value for nerve power which was independent of the resistance in the nerve sheath. We used nerve power at the intrasinus pressure of 100 mm Hg, because the scatter in the nerve power was minimum for all dogs at this pressure. Figure 2 presents the Calcomp plot of the mean of normalized nerve power vs. the applied intrasinus forcing pressure for all experiments. The data were fitted to a sigmoidal curve. For each experiment, the data were fitted to a polynomial of the form (12) (13) where Y is the predicted nerve power and X is the intrasinus pressure. The coefficients /3o, j8i, . . . , /9fc were estimated using standard techniques (11) . The degree of the polynomial was estimated by choosing the lowest order polynomial which had no bias at the 5% level of significance and whose lack-of-fit sum of squares was not significantly decreased by adding a higher order term. This estimation was accomplished by calculating the difference between the lack-of-fit sum of squares for a k and a k + 1 degree polynomial and then dividing it by the mean square error. This ratio was then compared with the corresponding value in Snedecor's F-distribution table (12) for the appropriate degrees of freedom at the 5% level of significance.
To ascertain the relative effects of the applied forcing pressures on the normalized nerve power, a two-way analysis of variance was performed on the normalized data. Table  1 presents a summary of the normalized data, and Table 2 presents the pertinent statistical results.
In each of the four experiments, a fifth degree polynomial was the lowest order meeting the above criteria. The pooled means (solid line, Fig. 2) were also fitted to a fifth degree polynomial based on similar criteria. The carotid sinus transfer function defined by the sigmoidal relationship between the normalized nerve power and the applied intrasinus forcing pressure showed that the nerve activity increased almost linearly with pressure between 75 and 175 mm Hg. Thereafter, the baroreceptor response approached an asymptote with increasing intrasinus pressure. In contrast, at intrasinus pressure below 50 mm Hg, there was a definite increase in nerve activity. Since the perfusion medium was saturated with 10035 O 2 , the increase in baroreceptor nerve activity probably did not result from chemoreceptor stimulation caused by stagnant hypoxia of the carotid body. This symmetric increase in nerve activity with both an increase (above 50 mm Hg) and a decrease (below 50 mm Hg) in intrasinus pressure strongly suggests that the baroreceptors respond to both positive and negative strains, or more explicitly, to deformation causing expansion or contraction of the carotid sinus.
PRESSURE-DEFORMATION RELATIONSHIP
Changes in carotid sinus diameter for each of the ten pressure levels in five dogs are assembled in Table 3 . The range of diameters is indicative of the great variations in the carotid sinus geometry of different dogs, which was even more apparent in the photographs. To compare these values with those obtained from other studies on adjoining vessels, the incremental elastic modulus, Ei nc , the volume elastic modulus, H, and the pressure elastic modulus, Ep, were calculated at the intrasinus pressure of 100 mm Hg, the same pressure used to normalize pressurenerve power data. Incremental elastic modulus, E inc , was calculated from the formula of Bergel (13): (14) I V LAI where r is the vessel radius, h is the wall thickness and AP/Ar is the change in pressure per unit change in radius at an intrasinus pressure of 100 mm Hg. This formulation assumes that the vessel wall is both isotropic and homogeneous. The volume elastic modulus, H, was calculated according to the formula proposed by Frank (14) :
(15) AV AV/AP • The volume modulus, which is obtained by dividing the vessel volume by its distensibility, requires none of the assumptions used to calculate Ei nc -A third measure of the elastic property of the wall, the pressure elastic modulus, E P , was calculated according to the formula of Greenfield et al. (15) :
AT E inc may also be calculated from E P according to the equation given by Bergel and Schultz (16): (17) where <r is Poisson's ratio and y is the ratio of wall thickness to wall radius. Poisson's ratio is generally assumed to be 0.5 for arteries.
The elastic moduli of the carotid sinus wall used in this study, estimated from Eqs. 14, 15, and 16 are presented in Table 4 . The mean values for Ei nc and H are similar to those reported by other workers for the common carotid arteries of the dog (13, (17) (18) (19) and the cat (19, 20) .
Assuming that the unstressed state of the carotid sinus was at an intrasinus pressure of approximately 50 mm Hg, circumferential and longitudinal strains were calculated from the diameters according to Eqs. 6 and 7. The results of these calculations and the analysis of variance performed on the calculated data are presented in Tables 5-8 . As revealed by the analysis of variance, although circumferential strain was affected by variations in dogs and in applied pressure, the pressure effects were much larger. Likewise, for the longitudinal strain, there was no significant effect due to variations in dogs, although the pressure effects were considerable. Figures 3 and 4 present the Calcomp plots of the mean circumferential and longitudinal strains, respectively, vs. the applied intrasinus pressure for all experiments. Data for circumferential and longitudinal strains were fitted to a second degree polynomial according to the Figures 3 and 4 , indicate that both strains increased monotonically with increasing applied pressure, with longitudinal strain approaching a definite asymptote at a much lower pressure than circumferential strain. These results suggest that, under the conditions of the present experiments, the carotid sinus is much more readily deformed in the circumferential than in the longitudinal direction.
PARTITION OF BARORECEPTOR RESPONSE
839
The strain-energy density at different pressure forcings was calculated according to Eq. 12. Tables 9 and 10 present a summary of these computations and the results of the analysis of variance performed on these data. Note that despite a small effect of betweendog variation on calculated strain, there was a large and significant effect of forcing pressure on the strain-energy density. Figure 5 shows a Calcomp plot of the relationship of the mean calculated strain energy and the applied forcing pressure. Unlike the circumferential and the longitudinal strain-pressure plots, except at low pressures, the strain-energy density increased linearly with increasing pressure without any evidence of saturation.
DEFORMATION-NERVE ACTIVITY RELATIONSHIP
Using the mean values of normalized nerve activity, circumferential strain, and strainenergy density at a given intrasinus pressure (Figs. 2, 3, 5) , plots of normalized nerve activity vs. circumferential strain and nerve activity vs. strain-energy density were constructed. The resulting plots are shown in Figures 6 and 7 , in which the intrasinus pressure appears as the parametric variable.
No attempt was made to fit a regression curve through the data points shown in Figures 6 and 7 , since there is no general agreement on the method of minimizing the residual sum of squares. However, in both figures the data points corresponding to intrasinus pressures between 100 and 175 mm Hg followed a straight line, suggesting that the maximum rate of firing of baroreceptors in the normal pressure range is limited by the distensibility of the carotid sinus wall. At intrasinus pressures above 175 mm Hg, both circumferential strain and strain-energy density increased significantly, but nerve activity rose only slightly. For reasons to be given below, we feel that strain-energy density is a better physiological measure of the state of carotid sinus wall deformation and hence receptor strain than is either circumferential or longitudinal strain. Thus, in partitioning the baroreceptor response between the mechanical properties of the wall and the receptor elements, we used the strain-energy density as a measure of carotid sinus deformation.
Discussion
The present study was designed to delineate the locus of nonlinearity in the carotid sinus 
FIGURE 4
Relationship between the longitudinal strain and the applied intrasinus pressure obtained in five dogs. See Figure 2 for details.
baroreceptor response, as defined by the pressure-nerve activity relationship. The goal was to partition this relationship between the gross mechanical properties of the sinus wall and the receptor elements. The sigmoidal pressure-nerve activity relationships obtained in this study were similar to those reported in the literature. At intrasinus pressures ranging from 75 to 175 mm Hg, nerve activity increased linearly with pressure, but thereafter the rate of change of nerve activity per unit change of pressure decreased.
A comparison of the percent change in nerve activity over the physiological pressure range calculated from the slopes of pressurenerve activity curves reported in the literature showed considerable differences. The rate of firing of single nerve fibers increased from 0 impulses/sec to 40 impulses/sec when pressure was raised from 75 to 175 mm Hg (21) . In the multifiber studies published to date, the percent change in nerve activity over the same pressure range was 250* (22), 564% (1, 3) , and 683% (23) compared with a value of 114% obtained in the present study. One explanation for this difference is that nerves other than baroreceptors contribute to the gross nerve power calculated in the multifiber preparations. Although care was taken in the present study to exclude nonbaroreceptor fibers, it is obvious that other fibers must have been present, since there was a nonzero nerve activity signal at a pressure of 75 mm Hg. If only baroreceptor fibers were present, according to single fiber studies, the nerve would be quiescent. Yet all of the multifiber studies have demonstrated the presence of some background activity at this pressure.
One would expect that the effect of this nonbaroreceptor impulse traffic could be compensated for by simply subtracting some 
FIGURE 5
Relationship between the strain-energy density and the applied intrasinus pressure obtained in five dogs. See Figure 2 for details.
quantity from the total. Such a procedure does increase the percent change since 76 for all N o greater than zero. For example, if the normalized nerve activity at a pressure of 80 mm Hg is arbitrarily set equal to zero, the percent change in activity increases from 114J to 984$. Thus, changes in firing frequency over a pressure range are extremely sensitive to the choice of the background activity. Since it is unreasonable to expect that any two investigators consistently place their electrode across precisely the same segment of the baroreceptor nerve, and since there is no adequate basis for arriving at an accurate estimate of
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FIGURE 6
Relationship between normalized nerve power (X 10~') and circumferential strain. Region of the curve corresponding to pressures (P) between 100 and 175 mm Hg is indicated by arrows.
background activity, one has to be content with qualitative changes in gross nerve activity rather than with absolute values reported by different investigators. The analysis of variance performed on the normalized nerve activity showed that the between-experiment differences were extremely small compared with the effects of pressure. Thus, there is no reason to assume that the normalized nerve power is not a consistent, reproducible measure of the gross baroreceptor nerve activity.
The calculated values of elastic moduli for the carotid sinus and their close agreement with those reported by others indicate that the photographic technique used in this study provided an accurate method of measuring static deformation of the carotid sinus. The collapse of the carotid sinus at intrasinus pressures below 50 mm Hg along with the corresponding minimum obtained in the pressure-nerve activity relationship supports 
FIGURE 7
Relationship between normalized nerve power and strain-energy density. See Figure 6 for details.
the arbitrary assignment of 50 mm Hg pressure as the state of zero strain. Furthermore, the strain calculations were not sensitive to errors in the estimates of do and l 0 . The shape of the pressure-strain curve was unchanged by variation of the resting distances: only the zero intercept and the slope were altered. The characteristic shapes of the strain plots corresponded precisely to those reported in the literature. In addition, the analyses of variance performed on the circumferential and longitudinal strains showed that the small differences between dogs were almost insignificant compared with the eftects of different pressure levels. The only other value for the strain-energy density reported in the literature is 226 ± 40 X 10 3 dynes/cm 2 , calculated by Patel and Janicki (17) for the dog common carotid artery at a mean pressure of 125 mm Hg. At this same pressure, the strain-energy density for the carotid sinus in the present study was calculated to be 264±46xl0 3 dynes/cm 2 . Lack of significant difference between these Circulation Research, Vol. XXXI, December 1972 values further substantiates the accuracy of the photographic technique and the assumptions used to calculate the strain-energy density.
As previously mentioned, we chose strainenergy density as the best measure of the mechanical state of the carotid sinus wall and, hence, of receptor strain. This choice was based on the following theoretical and empirical reasons. Strain-energy density is a scalar quantity, not a vector as are diameter and length and strains calculated from them. It includes deformations in all directions and is not dependent on a particular reference choice. Every element in the strain tensor, as well as every element in the stress tensor, enters into the calculation of the strain-energy density so it contains more information than any of the other quantities taken individually. Another reason for preferring the strainenergy density is that it is not essential to make any measurements other than pressure and lumen volume to arrive at good estimates of the strain energy. All that is necessary is to take the integral under the pressure-volume curve, since the work done on the wall is approximately equal to the pressure-volume work done by the wall on the fluid. There is a small additional term contributed by the longitudinal tension in the smooth muscle, but this term only adds a constant to the pressurevolume calculations. The only other measurement required is the determination of the volume of the tissue in the wall of the sinus, and this measurement is accomplished quite readily by Archimedes' principle (17) . Finally, a reasonable causal argument may be advanced relating frequency of firing in each nerve to the strain-energy density in the wall. If it is assumed that chemical processes are responsible for the rate of change in the dendrite generator potential, which produces an impulse when it crosses some threshold, then it follows that the rate of chemical reactions involved could be influenced by a change in the energy of the molecules in the wall. When the vessel is strained, the intermolecular distances are altered from their equilibrium values at a minimum energy state 844 KOUSHANPOUR, KELSO to some higher energy level. This event could then be translated directly into an increase in the rate of impulses arising from the generator potential.
When normalized nerve power was plotted against circumferential strain, the graph showed remarkable linearity in the pressure range between 100 and 175 mm Hg. This finding confirmed the diameter-nerve activity study in single fibers by Landgren (2) . The downward deviation of the curves (Figs. 6, 7) at pressures beyond 200 mm Hg indicated that, although the wall continued to expand, the baroreceptors reached a maximum firing rate.
An important implication of this finding is that, in the normal animal, augmenting the deformation of the sinus wall should not be expected to increase nerve activity to the vasomotor center above a limiting value determined solely by the properties of the nerve. However, in abnormal states, such as atherosclerosis, where the wall distensibility has been reduced, the frequency of firing could be increased by artificially dilating the carotid sinus.
The shape of the strain-energy density-nerve activity curve is quite similar to that of the circumferential strain-nerve activity plot; however, the interval of linearity extends over a pressure range of 75 to 175 mm Hg. Since the conclusions regarding the circumferential strain-nerve activity curve are equally applicable to the strain-energy density-nerve activity curve, the latter transfer function is preferred for the reasons stated above. Therefore, strainenergy density was chosen as the intermediate variable in the partitioning of the baroreceptor response between the mechanical properties of the wall and the receptor elements. Figure 8 summarizes the important findings of the present study. As depicted, altering the intrasinus pressure produced a change in the strain-energy density. This translation was governed by the relationship graphed in Figure 5 . A change in strain-energy density, in turn, produced a shift in the state of firing of the baroreceptors in accordance with the relationship graphed in Figure 7 . The evidence showed that the sinus wall continued to stretch as pressure was raised above 200 mm Hg, but nerve signals from the receptors were relatively constant. Accordingly, we concluded that the nonlinearity in the pressure-nerve activity relationship was primarily due to the inability of the receptor elements to respond to increasing wall strain. Although the use of 
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strain-energy density as a measure of mechanical deformation of the receptors made this conclusion particularly striking, direct measurements of strain led to the same conclusion. Circumferential and longitudinal strains did increase at intrasinus pressures above 200 mm Hg but not much. The complexities of the strain-energy density calculation, therefore, are not crucial to the conclusions reached, which might reassure anyone who insists on drawing conclusions only from raw data.
